Abstract : This paper describes pen interface using a surface acoustic wave tactile display. Using the display, tactile sensation like a feeling of drawing with a charcoal can be generated. Combined with a graphics tablet with an LCD, it is possible to generate both visual information and tactile sensation dynamically. To add reality of sensation, control referring to m-sequence random number is proposed and described in this paper. Measurement results of pen vibration during rubbing the display with the reference and those without it were compared. FFT analysis results of the pen vibration are also compared.
Introduction
Recently, pen interface has been used as a computer interface for drawing illustrations. One of the pen interfaces is a graphics tablet. By the graphics tablet, operators can draw illustrations on the computer in the same way as a charcoal and a canvas. However, they feel strangeness because the sensation during rubbing the graphics tablet is apart from that during drawing a line on the canvas with the charcoal. The surface of the graphics tablet is smooth, though the surface of the canvas is rough. Therefore, users of the graphics tablet demanded more real drawing sensation. To change drawing sensation, some manufacturing company of graphics tablet sells extra nibs and extra sheets made from various materials. Some users also make their own nibs or sheets. If the tablet has a tactile feedback, the feeling of the drawing illustrations on the graphics tablet can be more natural. Displaying virtual canvas on the screen and rubbing it by a plastic pen, they can draw illustrations in the same feeling as they have ever drawn them on the canvas with the charcoal.
To generate tactile/haptic sensation, some research groups developed various methods of tactile/haptic displays. Matsunaga et al. developed a tactile display using a pin array [1] . This method is an expansion of the dynamic Braille display for blind people [2] . Moving up and down by an SMA actuator, a pin array configures some shape like simple graphics and alphabet. Changing surface shape contacted with operator's finger physically, the device indicates tactile sensation. Changing the pin height with some steps, the display can indicate not only 2-D shape but also 3-D shape. The pin array tactile display is forming real shape on the display. However, it is difficult to increase resolution of the display. The resolution of the 2-D shape is determined by the diameter of the pin.
Kajimoto et al. developed a tactile display by using electrocu-taneous stimulation [3] . In human skin, there are four types of mechanoreceptors. Stimulating these mechanoreceptors separately by electricity, the display can indicate various tactile sensations. However, it is difficult to integrate the electrocutaneous tactile display with the graphics tablet. Iwamoto et al. developed a tactile display by using ultrasound radiation pressure [4] . A PZT transducer generates ultrasound radiation pressure with a focal point. At the focal point of the radiation pressure, tactile sensation can be generated to the operator without contact. Moving the focal point, a 3-D tactile display can be figured. However, generated force by ultrasound radiation pressure is smaller than other method.
Winfield et al. developed a device called T-PaD. They used friction change by the ultrasonic vibration of a piezoelectric ceramic actuator for indicating tactile pattern [5] . They used squeeze film effect for generating tactile pattern. Marchuk et al. developed a large-area T-PaD (LATPaD) [6] . To realize the LATPaD, they combined various vibrational modes. Biet et al. developed a tactile display by piezoelectric ceramics [7] . They also used squeeze film effect for generating tactile illusion. They used matrix of piezoelectric ceramics to realize a large-size tactile plate. However, the ultrasonic transducer with the piezoelectric ceramics is not thin enough to install on the graphics tablet.
Pen interfaces with various methods of tactile/haptic feedback were proposed and developed. Nishino et al. developed a haptic device to generate a feeling of the drawing with a Japanese calligraphy-brush [8] . In this device, they generated the writing pressure of hairy brushes by a haptic device. Kuchenbecker et al. studied a stylus-based haptic device [9] . In their research, they proposed a method for improving tapping feeling by force feedback of a haptic device. Force feedback by a haptic device is a strong solution for improvement of usability of pen interface. However, the whole system may be large due to a haptic device. Wintergerst et al. developed the prototype of haptic stylus for pen computing [10] . They used a ballpoint pen for the stylus with brake by coil. Haptic feedback was generated by changing rotational friction of the ball. However, stylus needs to be connected by a cable to a power supply. Watanabe et al. proposed an improvement of reality based on visual information [11] . To indicate a feeling of the drawing by a brush, a virtual nib was displayed on the screen. This approach can apply any existing pen-type interfaces with a screen. However, generating feeling is limited due to only visual feedback.
Our solution of tactile feedback for pen interface is integration of the graphics tablet with a surface acoustic wave (SAW) tactile display. Previously, a tactile display using SAW has been proposed [12] . Rubbing the SAW tactile display with our finger, roughness sensation could be generated. Arranging control parameters, difference of roughness sensation could be indicated [13] . The authors had also developed a pen interface using the SAW tactile display [14] . On the interface, an operator can use a pen in place of his/her finger. Using the pen, the sensation like a feeling of drawing a line on a craft paper by a charcoal could be indicated.
In this research, a pen interface using a SAW tactile display was installed on an LCD. Therefore, the pen interface could provide both visual information and tactile sensation. Then, the pen interface was integrated with an LCD with a movable tablet. The integrated interface had simple configuration. By the movable tablet, the interface could provide tactile sensation in whole area of the LCD. After demonstration to subjects, however, some of them commented that the provided sensation was not natural. This seemed to be due to the frequency of the vibration as the tactile sensation. The frequency had no fluctuation though the vibration frequency of the pen under drawing an actual line has fluctuation around a certain frequency. To solve this problem, the authors proposed a new control method which referred to m-sequence random number (maximum length sequence: MLS) for adding a fluctuation to the frequency of the vibration. In this paper, FFT analysis results of pen vibrations are investigated.
SAW Tactile Display with Graphics Tablet

Excitation, Propagation and Reflection of Rayleigh Wave
Figure 1 (a) shows the principle of excitation of Rayleigh wave, which is a kind of SAW. Interdigital transducer (IDT) is arranged on the piezoelectric substrate. Applying alternating voltage to the IDT, progressive Rayleigh wave is excited and propagated on the surface of the substrate in the direction of an arrow shown in Fig. 1 (a) . As shown in Fig. 1 (b) , Rayleigh wave is reflected by an open metal strip array (OMSA). Figure 2 shows a basic structure of the pen interface using SAW tactile display. Two pairs of the IDT are arranged on the piezoelectric substrate. Lithium niobate (LiNbO 3 ), which is a single-crystal piezoelectric material, was used as the substrate. Electrodes configuration and dimension are illustrated in Fig. 3 . Applying alternating voltage to the both IDTs, standing wave of Rayleigh wave is excited on the surface of the substrate. In this research, resonance frequency of the SAW transducer was 15.14 MHz. Indication area of SAW transducer was 46 mm × 43 mm. A slider, which consists of an aluminum film and a rubber film, is required to apply the mechanical vibration of the wave. To enjoy the tactile sensation, an operator rubs the display with the pen integrated with the slider, in place of the operator's finger. The top of the pen was shaped like one of a marker pen to acquire a large contact area.
Principle of Generating Tactile Sensation by SAW
The principle of generating tactile sensation is shown in Fig. 4 . When the operator rubs the surface of the substrate by the pen, friction force is generated between the pen and the surface. If standing SAW is excited during the rubbing motion, the friction force decreases due to vertical vibration of the surface. Then switching SAW ON/OFF during the rubbing motion, the mechanical vibration is generated in the pen by the friction shift. The vibration caused by the friction shift is similar to stick-slip vibration. It was supposed to rub a constant rough surface like one-dimensional grating. Changing switching fre- quency depending on rubbing velocity, the operator was able to feel tactile sensation like roughness of the grating. When the authors demonstrated subjects, they commented that the vibration was like a feeling of drawing a line on a craft paper by a charcoal.
Tactile Display Control
The frequency f of the switching signal, which is equal to the vibration frequency of the pen, was decided by
where, v m is rubbing velocity of the pen. k r means roughness constant, that is, distance between projections of the grating. The control system of SAW tactile display with graphics tablet is shown in Fig. 5 . At first, a computer detected the position of the pen through the graphics tablet. During rubbing motion, the position of the pen was being tracked at a few cycles per second. Then, the host computer calculated the rubbing velocity v m by the difference between the current pen position and previous one. Depending on the position, predetermined tactile information, duty ratio d and a roughness constant k r , were referred to generate the control pulse signal for switching SAW. Duty ratio d decided a strength of the vibration. The roughness constant k r indicates a degree of the roughness, i.e. lower number means rougher surface, higher one means smoother surface. The frequency f of the switching signal was decided by equation (1). When the pen was moving on the object with tactile information, the switching signal was being generated by a microcomputer. SH2-7045F was used as the microcomputer. Driving sinusoidal wave from RF synthesizer was switched by the switching signal from the microcomputer. Switched driving signal was amplified by an RF power amplifier. Amplified voltage was applied to the IDT of the SAW transducer.
SAW Tactile Display Integrated with Visual Information
SAW tactile display has several advantages. One of the advantages is thin structure as a display. Another advantage is that LiNbO 3 used as a piezoelectric substrate is transparent material. Therefore, we could install SAW tactile display on an LCD without shading visual information. The authors applied a commercial product of a pen display (hybrid screen/graphics tablet), which was a graphics tablet with an LCD screen. Figure 6 shows SAW tactile display integrated with the pen display. Using the pen display, we could generate tactile sensation combined with visual sensation. Moreover, by using the commercial graphics tablet, it was easy to detect a position of the pen, i.e. the graphics tablet was also used as the sensor for detecting the position of the pen. Demonstration software for a provision of tactile sensation and visual information is shown in Fig. 7 . A purpose of this software is the operator's experience of the performance of the display with/without tactile feedback. In the software, objects of various shapes like ellipse, rectangle, triangle, and other polygons were projected in two colors on the screen of the computer. The operator could feel the tactile sensation during rubbing motion by the pen on the projected shapes. Tracking the position of the cursor at a few cycles per second, the velocity of the cursor was calculated in the host computer. In the pen display, the position of the cursor was equal to the position of the pen. The control of the tactile display referred to the velocity and the position of the pen. Rubbing an object by the pen, we could feel roughness sensation according to the color. Rubbing a blank area, we could feel only the friction of the surface of the substrate, that is, smoothness.
The authors also demonstrated the display with another software shown in Fig. 8 . This software is more practical software for generating drawing sensation. In the software, we could draw a line with tactile feedback. By these demonstrations, we could generate all subjects tactile sensation like a feeling of drawing a line on a craft paper with a charcoal during rubbing the object on the screen.
For the present SAW transducer, however, the size of the rubbing area on the SAW tactile display was much smaller than that of the screen as shown in Fig. 6 . This problem was caused by constraints of maximum size of commercially available LiNbO 3 wafer. Diameter of the wafer was limited up to 100 mm (4 inches). The maximum indication area was 46 mm × 43 mm and whole screen of the tablet could not be covered. Therefore, the transducer was contained by an acrylic frame to be movable on the whole screen. Rubbing the surface of the transducer in the frame, we could feel tactile sensation. Tactile sensation could be generated even if the frame was rotated (Fig. 9 ). In the past study, it was confirmed that tactile sensation was also generated in the case of moving direction in the orthogonal direction to SAW propagation [15] . The problem of the size decreased usability of the device. To expand the size of rubbing area, SAW tactile display using glass substrate was developed [16] . Instead of LiNbO 3 , silica glass was used as the substrate of the SAW transducer in the study. Applying this method, problem of the size of the display can be solved.
Measurement and Result
Pen velocity was measured during rubbing motion on the display. Measurement apparatus is shown in Fig. 10 . For the velocity measurement, a laser Doppler velocimeter was applied. Input power to the SAW transducer was around 5 W. Measurement result is shown in Fig. 11 . In the measurement, the roughness constant k r was 250 µm. When control signal was turned on, standing SAW was excited and pen velocity was accelerated by friction reduction. As shown in the figure, pen velocity vibrated according to the control pulse, which switched SAW excitation. The vibration was perceived as tactile sensation. 
Demonstration
The authors demonstrated the integrated SAW tactile display to subjects (15 males, in twenties). Configuration of the demonstration was same as section 2.5. The authors used the demonstration software shown in Fig. 7 . First, the authors asked the subjects to rub the display without exciting SAW. They confirmed that the surface of the tactile display was smooth. After they rubbed the display with exciting SAW, we asked the subjects whether they felt roughness sensation by the display. In the demonstration, all the subjects felt roughness sensation by the display. Some subjects identified the shape of the object while blindfolded. Then, the authors demonstrated the painting software of Fig. 8 to them. Drawing a line on the canvas of the software, they also felt drawing sensation. During the demonstration, real canvas and real sandpaper were set next to the tactile display. They also compared the drawing sensation of the case of the real canvas with that of the case of the tactile display. They, however, also commented that the sensation was unnatural compared with the real canvas and the real sandpaper.
Improvement of Generated Sensation
Reason of Unnatural Sensation
To discuss the reason of the unnatural sensation in the previous section, the authors considered to compare the velocity profile (Fig. 11 ) from ones of actual materials. Pen velocity vibration during drawing motion on a canvas sheet and a sandpaper #80 were measured. The sandpaper #80 was nearly equal roughness to k r of 250 µm. Vibration measurement results of the case of the canvas and the sandpaper are shown in Figs. 12 and 13, respectively. By comparison of Figs. 11 and 12 , the results are similar to each other. It was supposed that both the sensation by the tactile display and the sensation by rubbing the canvas can be perceived as the sensation when we rub repeating stripe. Meanwhile, the canvas had a mesh design. It can be seen that these vibrations were both periodic. Tactile sensation during rubbing motion on the canvas was natural, nevertheless, tactile sensation generated by the tactile display was not natural. The result of the case of the sandpaper was different from these results. The vibration of the case of the sandpaper seemed to be random. However, the reason of the unnatural sensation could not be discussed by only these time domain results. The authors considered to compare frequency domain analyses. Vibration measurement results were analysed by FFT. FFT analysis result of the case of the tactile display, the canvas and the sandpaper are shown in Figs. 14, 15 and 16, respectively. In these FFT analysis results, 0 Hz was DC component and deleted. It seems that the most contributory frequency range for tactile sensation was less than 200 Hz, because the power of the frequency over 200 Hz was negligibly small in these results. By comparison of these results, the result of the case of the tactile display was different from other results. Sharp local peaks at a certain interval frequency appeared in the result of the case of the tactile display. These peaks had narrow bandwidth. On the other hand, the result of the case of the canvas had one local peak at about 50 Hz due to its mesh and the peak had large bandwidth. Large bandwidth means that the frequency had a fluctuation. The reason of the fluctuation seemed to be caused by elastic and geometric characteristics of the canvas. The result of the case of the sandpaper had no local peak. Thus, the vibration of the case of the sandpaper was random vibration. On the basis of these results, the unnatural sensation under the tactile display seemed to be caused by sharp local peaks at a certain interval frequency. The local peaks were caused by the constant switching frequency at a certain velocity. Adding a fluctuation to the frequency of the vibration for deleting the local peaks, generation of more natural sensation can be expected.
Referring to MLS
The previous tactile sensation generation method employed the pen vibration following switching SAW. The frequency of switching signal was exactly proportional to the velocity of the pen. The constant frequency at a certain velocity seemed to be the result in the unnatural sensation indication. Adding a fluctuation to the frequency of the vibration, generated sensation can be more natural.
To improve the sensation of the interface, the authors proposed a new control method. The method referred to both the pen velocity and MLS. MLS was used to randomize the frequency of switching signal from the microcomputer easily because MLS is pseudo binary random number. Therefore, adding a fluctuation to the frequency of the switching signal, the generation of more natural sensation could be expected. The control system referring to MLS is shown in Fig. 17 . Referring to a database of MLS preliminarily stored in the microcomputer, the control pulse signal was generated and sent to the RF synthesizer. The bit count of MLS is a degree of the fluctuation of the frequency. In our research, 5 bits of MLS was referred for the switching signal.
Measurement and Result
Pen velocity was measured during rubbing motion on the display controlled by the proposed method. Measurement apparatus was same as section 2.5. Measurement result of the case of the tactile display controlled by the proposed method is shown in Fig. 18 . FFT analysis result of the measured velocity is shown in Fig. 19 . By comparison with the analysis result of the previous method (Fig. 14) , the sharp local peaks in lowfrequency range (less than 200 Hz) disappeared in Fig. 19 . It means that the result of the proposed method had large bandwidth in low-frequency range, that is, the vibration frequency fluctuated. Meanwhile, the result of the proposed method became closer to that of rubbing the canvas sheet (Fig. 15) and that of rubbing the sandpaper (Fig. 16 ), especially in low-frequency range.
Demonstration
The authors demonstrated the display with the new controller to subjects (15 males, in twenties, same as section 2.6). Configuration of the demonstration was also same as section 2.6. In the demonstration, they rubbed colored squares on the software shown in Fig. 7 . Squares were shown in two colors and control method of the display was different by colors. When they rubbed the squares, they didn't know that the display controlled by previous method or proposed method. During the demonstration, real canvas and real sandpaper were set next to the tactile display. They also compared the drawing sensation of the case of the real canvas and the real sandpaper with that of the case of the tactile display. After they rubbed each colored squares and the actual materials, the authors asked them which color they felt more natural sensation. All subjects selected the color with the proposed control method. Then, we also demonstrated to them by the painting software of Fig. 8 with the new controller. All subjects commented that they felt more natural drawing sensation. Therefore, it is effective to add a fluctuation to the frequency of the vibration generated by the tactile display for generation of the natural sensation.
Conclusion
Demonstration environment for a pen tactile display was prepared. A new control method was proposed for a pen interface using a SAW tactile display. The method referred to MLS for adding the fluctuation to the frequency of the control signal of SAW. We measured the vibration generated in the pen with the SAW tactile display during rubbing motion. The FFT analysis result of the pen vibration under the proposed method was compared with that of pen vibration during rubbing the canvas sheet and that in the case of the previous control method. Demonstrating the display, the authors confirmed the effectivity of the proposed method. For generation of the natural sensation of drawing sensation, it is effective to add a fluctuation to the frequency of the vibration generated by the tactile display.
Future Works
In the future, by fabricating a large-size transducer, integration of a SAW tactile display and an large-size LCD can be realized. Covering the whole LCD, usability of the tactile display can be improved. Inspection of friction characteristics of various pens with various sheets are also our future work. If the degree of friction change of some pen is known and it is in a reproducible range of the tactile display, drawing sensation of the pen can be reproduced. Additionally, the future research contains also investigation of usability of the tactile feedback in detail.
